Introduction
============

Damage to the autonomic efferent nerves in the pelvis results in colonic dysmotility states. Radical hysterectomy causes significant disturbance of urinary and anorectal function, and 42% of patients report significant post-operative bowel dysfunction.[@b1-jnm-20-185] The etiology is extrinsic autonomic denervation, as demonstrated by loss of anorectal inhibitory reflex, regulated by the autonomic system, in 64% of patients.[@b2-jnm-20-185] Low anterior resection syndrome, exhibited by 90% of patients after major rectal resection, also has features consistent with autonomic damage. Internal anal sphincter dysfunction is consistently found in low anterior resection syndrome, and does not recover over time, likely due to autonomic nerve damage during rectal mobilization.[@b3-jnm-20-185] Neurogenic fecal incontinence is another disorder generated by abnormal autonomic innervation.[@b4-jnm-20-185]

Sacral nerve stimulation, a prominent therapy with 75--100% sustained success rate for fecal incontinence,[@b5-jnm-20-185] is based on extrinsic direct manipulation of the autonomic nervous system at the sacral root. Interestingly, the same therapy is also used to treat constipation, with comparable success rates.[@b6-jnm-20-185] Its mechanisms of action are poorly understood and include normalization of colonic transit time.[@b6-jnm-20-185]

Design of cost-effective animal models that can be easily manipulated has been a challenge. Denervation of rectum in rats has been shown to produce abnormal hyper-motility in the neorectum in the early post-operative phase, which was associated with increased acetylcholine (ACh) and neuronal nitric oxide synthase (NOS) content in the myenteric plexus.[@b7-jnm-20-185] Another study also showed that surgical denervation of the left colon in rats resulted in a significant increase in motility.[@b8-jnm-20-185] Transection of rectal branches of the pelvic plexus in dogs resulted in partial recovery of transit time and defecation reflex months after denervation, implying that a compensatory mechanism was involved.[@b9-jnm-20-185] Our studies of compensatory mechanisms that are at play after autonomic nerve transection in a rat model have shown that transection of both sympathetic and parasympathetic nerve supply to the colon acutely affected motility, but that recovery occurred at a week post-operatively.[@b10-jnm-20-185] Mechanisms responsible for recovery of delayed colonic motility involved upregulation of 5-hydroxytryptamine 3 (5-HT~3~)[@b11-jnm-20-185] and 5-HT~4~ receptors.[@b12-jnm-20-185]

Parasympathetic innervation of the guinea pig distal colon comes from sacral S2--S4 roots as pelvic nerves (PN) and coalesces in anterior and posterior pelvic ganglia to distribute to the rectum as rectal nerves.[@b13-jnm-20-185] The anterior pelvic ganglia are located bilaterally adherent to the lateral aspect of the proximal part of the seminal vesicles, in the angle between ductus deference and the seminal vesicle.[@b14-jnm-20-185] The posterior ganglion contributes to a much smaller extent to efferent innervation compared to the anterior ganglion.[@b13-jnm-20-185],[@b15-jnm-20-185] The anterior pelvic ganglia send and receive projections from the inferior mesenteric ganglion (IMG) via hypogastric nerves, thus making it a mixed parasympathetic/sympathetic structure, as it is in the rat.[@b15-jnm-20-185] The majority of anterior ganglion projections travel to the rectum and not the distal colon.[@b13-jnm-20-185] The majority of parasympathetic supply to the colon comes from the hypogastric nerves and transection of pelvic and hypogastric nerves is necessary to eliminate extrinsic parasympathetic supply to the colon and rectum.[@b16-jnm-20-185] Conversely, sympathetic supply to the distal colon comes from the L2--L4 lumbar spinal cord as splanchnic nerves, coalesces in the prevertebral ganglia (such as celiac, superior mesenteric and IMG) then distributes as colonic nerves that closely follow the vascular supply.[@b13-jnm-20-185] The IMG forms a ring around inferior mesenteric artery (IMA) shortly after IMA takeoff from the aorta, and an intermesenteric nerve that connects IMG to superior mesenteric ganglia, as well as hypogastric nerves that connect IMG to anterior pelvic ganglion, coalesce on this ring (intraoperative observation).

Denervation studies of the guinea pig colon have been performed to date to examine effect on opioid receptors by way of performing short cryoablation of IMA/IMG complex, the so called "frigore" denervation of the IMG, which destroys the IMG but preserves IMA,[@b17-jnm-20-185]--[@b19-jnm-20-185] and histological and immunohistochemical changes in the pelvic ganglia after denervation.[@b16-jnm-20-185],[@b20-jnm-20-185]

To create a model for the study of isolated extrinsic nerve stimulation on the distal colon, we chose guinea pigs due to the anatomic complexity of pelvic innervation and active enteric nervous system, which is well established for the study of intrinsic reflexes. We have designed an in vitro model of guinea pig distal colon that allows full manipulation of the PN and IMG in vitro. Our goals were 3-fold: first, design an effective model to study the effects of extrinsic nerve manipulation on distal colon; second, quantify the particular effects of extrinsic nerve stimulation on the behavior of the distal colon; third, describe the possible mechanisms of extrinsic nerve stimulation and its effects.

Materials and Methods
=====================

Animals
-------

Male Hartley guinea pigs (body weight 300--350 g) were obtained from Charles River Laboratories (Durham, NC, USA). The animals were housed in a controlled environment (21 ± 1°C, 50--70% humidity, 12-hour light dark cycle) and given free access to food and water. They were housed at standard conditions for at least 7 days prior to any experimentation.

Animals were maintained and handled in accordance with policies of the Animal Care and Use Committee of Clement J. Zablocki VA Medical Center (Milwaukee, WI, USA). All the experimental protocols were approved by same institution and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Dissection of the Pelvic Parasympathetic and Sympathetic Nerves
---------------------------------------------------------------

Animals were anesthetized by isoflurane (2%). Midline laparotomy was performed and the small intestine was eviscerated. Colon was gently rotated laterally from the abdominal cavity. Retractors were applied to pelvic side walls. Sacral nerves coalesced into anterior pelvic ganglion on the posterior portion of the prostate bilaterally, as described,[@b13-jnm-20-185]--[@b15-jnm-20-185] and were transected at the point of entry into the ganglion. Posterior pelvic ganglion was not dissected because it represented 10% of efferent neuron connections.[@b15-jnm-20-185] Next, IMA was identified, and the IMG forming a ring around it was visualized IMA/IMG complex was carefully dissected and ligated just distal to IMA take-off from the abdominal aorta. Finally, colon was transected 1--2 cm proximal to IMA/IMG complex and distally just beyond the prostate/bladder complex, preserving the mesentery. Following dissection the animals were euthanized with isoflurane (5%). Care was taken to accomplish the dissection in 10 minutes and avoid any intraluminal blood spillage. The dissection of PN and IMG was performed under the dissecting microscope and 4-0 silk suture was used to tag all nerves for ease of identification in the tissue bath. All pellets contained in the colonic segment were cleared by a brief PN stimulation upon placement of colons into the tissue bath.

Fecal Pellet Propulsion Study In Vitro
--------------------------------------

The distal colon was excised from the lower pole of the left kidney to the pelvic brim. Colonic segments (6 cm in length) were laid horizontally in the organ bath filled with Krebs-Henseleit buffer (KHB) (MgSO~4~ 1.2 mM, KH~2~PO~4~ 1.2 mM, KCl 4.8 mM, NaCl 118 mM, NaHCO~3~ 25 mM, CaCl~2~ 2.5 mM and D-glucose 11 mM) at 37ºC and bubbled with 95% O~2~ and 5% CO~2~. The colonic segments were fixed to the bottom of the bath with an acupuncture pin at the oral and anal ends so as not to obstruct or distend the lumen. After a 30-minute equilibration, a natural fecal pellet (4 mm in diameter and 10 mm in length) coated with nail polish was inserted into the oral end. The pellet propulsion was measured by monitoring the time it took for the pellet to traverse the colonic segments via a video recording. The studies were repeated 5--10 times at 5-minute intervals. In order to appreciate the effect of nerve stimulation, a nerve stimulation probe (AD Instruments, Colorado Springs, CO, USA) was attached to either the IMG or one of the PN just beyond the suture. To determine whether a lower or higher frequency can elicit the optimal response to PN stimulation, we applied electrical stimulation at various frequencies (1, 2, 5, 10 and 20 Hz, 0.5 ms and 5 V) for 10 minutes maximum or until pellet was expelled by the colonic tissue (usually 10--50 seconds).

Intraluminal Pressure Recording In Vitro
----------------------------------------

As previously reported, colonic segments (6 cm in length) were laid horizontally in the organ bath filled with KHB.[@b11-jnm-20-185],[@b21-jnm-20-185],[@b22-jnm-20-185] The oral end of the segment was connected to an infusion syringe, and the anal end was connected to a pressure transducer (AD Instruments). After equilibration of 30 minutes, 0.3 mL KHB was slowly infused for 30 seconds through the oral end. The colonic segments were kept distended with KHB for 10 minutes. Then, luminal content was removed and tissues were allowed 20 minutes for equilibration without distension. Similar distension studies were repeated 5--7 times. Our recent study showed that 0.3 mL of luminal infusion was able to initiate motor responses with concomitant increase of intraluminal pressure in guinea pigs. Motor responses and intraluminal pressure changes were consistent at least 5--7 times in each tissue in response to luminal infusion.[@b22-jnm-20-185] Intraluminal pressure changes in response to luminal infusion were recorded by a software system (Power-Lab model 8SP; AD Instruments). Motor responses to luminal infusion were recorded. If peristaltic waves propagated across at least half of the colonic segment, this motor response was defined as a normal peristaltic contraction (PC).[@b22-jnm-20-185] In response to luminal distension, various types of motor responses were observed, such as localized contractions, or partially propagated contractions. These motor responses were defined as non-peristaltic contractions (NPCs). The incidence of PCs was more than 82% of the guinea pig distal colon in response to luminal infusion (0.3 mL).[@b22-jnm-20-185]

The frequency (the number of contractions per minute), the amplitude (difference between the baseline and the peak of the in-transluminal pressure), and the motility index (MI, area under the curve expressed as cmH~2~O · sec) were analyzed and regional differences were compared. Ten minutes prior to PN stimulation, atropine (10^−6^ M), hexamethonium (10^−4^ M), or NG-nitro-L-arginine methyl ester (L-NAME; 10^−4^ M) were added to the tissue bath. Ten minutes prior to IMG stimulation, yohimbine (10^−6^ M) was added to the tissue bath.

Chemicals
---------

L-NAME was purchased from Tocris Bioscience (Bristol, UK). Atropine, hexamethonium, and yohimbine were obtained from Sigma Chemical Company (St. Louis, MN, USA).

Statistical Methods
-------------------

Data were shown as means ± SE. Student's *t* test was used to compare differences in continuous variables between the two groups. An analysis of variance with post-hoc Duncan test was used to compare the regional differences of the colon. Statistical significance was defined as *P* \< 0.05. N refers to number of animals used for each test.

Results
=======

Fecal Pellet Propulsion Study
-----------------------------

In the distal colon, the fecal pellet was expelled within 2 minutes in all colons that were tested. No retrograde propagation of the pellet was observed. The average velocity of pellet propulsion was 13.0 ± 0.7 mm/sec (n = 20). PN stimulation significantly shortened the pellet propulsion time in a frequency dependent manner (1--20 Hz) ([Fig. 1](#f1-jnm-20-185){ref-type="fig"}). The velocity of pellet propagation increased significantly in response to PN stimulation (10 Hz) to 24.6 ± 0.7 mm/sec (n = 20, *P* \< 0.01). In contrast, pellet propulsion was significantly delayed during IMG stimulation (10 Hz) to 2.0 ± 0.2 mm/sec (n = 12) ([Fig. 2](#f2-jnm-20-185){ref-type="fig"} and [Supplementary Videos 1](#SD1){ref-type="supplementary-material"}--[3](#SD3){ref-type="supplementary-material"}). In 8 of 20 colons, no pellet propagation occurred at all and pellet was never expelled.

Intraluminal Pressure Recording
-------------------------------

In the presence of PN stimulation, frequency and magnitude of intraluminal pressure were increased, and returned to baseline as soon as nerve stimulation ceased ([Fig. 3](#f3-jnm-20-185){ref-type="fig"}). The opposite phenomenon was observed during IMG stimulation. No pressure increase was recorded during intraluminal fluid infusion during IMG stimulation, and tissue promptly returned to normal response once IMG stimulation ceased ([Fig. 3](#f3-jnm-20-185){ref-type="fig"}).

We quantified these changes by measuring MI ([Fig. 4A](#f4-jnm-20-185){ref-type="fig"}), frequency ([Fig. 4B](#f4-jnm-20-185){ref-type="fig"}), duration ([Fig. 4C](#f4-jnm-20-185){ref-type="fig"}) and amplitude ([Fig. 4D](#f4-jnm-20-185){ref-type="fig"}) of intraluminal pressure responses to luminal infusion (0.3 mL). PN stimulation produced MI (percent of control) that was 151.0 ± 5.3% of controls (n = 10, *P* \< 0.01), while IMG stimulation was associated with MI that was 16.0 ± 2.3% of controls (n = 10, *P* \< 0.01) ([Fig. 4A](#f4-jnm-20-185){ref-type="fig"}). Similarly, PN stimulation significantly increased frequency to 5.1 ± 0.5 (n = 10, *P* \< 0.05), while IMG stimulation significantly reduced frequency to 0.3 ± 0.1 (n = 10, *P* \< 0.01) when compared to controls (3.0 ± 0.2) ([Fig. 4B](#f4-jnm-20-185){ref-type="fig"}). PN stimulation did not show any significant difference in duration ([Fig. 4C](#f4-jnm-20-185){ref-type="fig"}) and amplitude ([Fig. 4D](#f4-jnm-20-185){ref-type="fig"}).

Effect of L-NAME, Hexamethonium and Atropine on Pelvic Nerves-stimulated Responses
----------------------------------------------------------------------------------

The incidence of PCs was reduced while the incidence of NPCs was increased in the presence of L-NAME of the guinea pig distal colon in vitro. When PN stimulation was applied to the colon, some NPCs were reversed to PCs in the presence of L-NAME ([Table](#t1-jnm-20-185){ref-type="table"} and [Fig. 5](#f5-jnm-20-185){ref-type="fig"}).

Hexamethonium and atropine abolished intraluminal pressure increase in response to luminal infusion. PN stimulation failed to cause propagating or non-propagating contractions in the presence of hexamethonium ([Fig. 6](#f6-jnm-20-185){ref-type="fig"}) and atropine ([Fig. 7](#f7-jnm-20-185){ref-type="fig"}).

Effect of Yohimbine on Inferior Mesenteric Ganglia-stimulated Responses
-----------------------------------------------------------------------

IMG stimulation completely abolished intraluminal pressure increase in response to luminal infusion ([Fig. 8C](#f8-jnm-20-185){ref-type="fig"}). Addition of yohimbine partially reversed contractile activity during IMG stimulation, returning intraluminal pressure tracing close to normal ([Fig. 8D](#f8-jnm-20-185){ref-type="fig"}) and reconstituting MI to 70% of control plus yohimbine ([Fig. 8E](#f8-jnm-20-185){ref-type="fig"}).

Discussion
==========

Small animals such as rats[@b23-jnm-20-185],[@b24-jnm-20-185] and guinea pigs[@b25-jnm-20-185],[@b26-jnm-20-185] have been widely used to study colonic motility. Species difference among humans, rats, and guinea pigs in mediating colonic peristalsis has been demonstrated in various literature.

It has been shown that the inserted pellets are well advanced distally in vitro preparations of the guinea pig distal colon, but not rat distal colon.[@b27-jnm-20-185]--[@b29-jnm-20-185] Our preliminary study also showed that the rat distal colon failed to propel fecal pellets in vitro (unpublished observations). Our laboratory has produced a number of studies in a rat model, demonstrating that transection of parasympathetic PN significantly delayed colonic transit time, while the transection of sympathetic hypogastric nerve significantly increased colonic motility.[@b30-jnm-20-185] Response to parasympathetic nerve stimulation was abolished by muscarinic receptor blockade, while response to sympathetic nerve stimulation was abolished by beta-adrenoreceptor blockade.[@b31-jnm-20-185] We also showed that the PN dissection significantly impaired colonic transit and colonic motility in rats.[@b10-jnm-20-185],[@b30-jnm-20-185] Thus, it is likely that extrinsic innervation, rather than intrinsic innervation, plays a major role in regulating colonic peristalsis of the rat colon.

Peristaltic reflexes in response to stretch and mucosal stimulation are mediated via both extrinsic and intrinsic neurons of the rat colon.[@b32-jnm-20-185] In contrast, both stretch and mucosal reflexes are mediated via intrinsic neurons of the guinea pig colon.[@b33-jnm-20-185] It is conceivable, therefore, that pellet-stimulated motor responses are less observed in vitro preparations once extrinsic innervation is disrupted in the rat colon. The intrinsic neural pathway mediating peristaltic reflex may be well developed in the guinea pig distal colon, compared to rat colon. It is widely accepted that guinea pig peristaltic reflexes are primarily mediated by intrinsic reflexes.[@b33-jnm-20-185] However, it remains unclear how extrinsic neurons regulate peristalsis of the guinea pig colon.

In dogs, prior studies on extrinsic nerve regulation of colonic peristalsis have reported that colonic motility and colorectal reflexes are enhanced by parasympathetic stimulation and inhibited by sympathetic stimulation.[@b34-jnm-20-185],[@b35-jnm-20-185] The pellet propulsion study demonstrated the overall effect of extrinsic nerve modification of the intrinsic peristaltic reflexes of the guinea pig distal colon. It is the extrinsic nerve input that defines the actual speed of pellet progression through the colon, although it is undeniable that it is the very active enteric nervous sytem of the guinea pig that allows for active pellet propagation even in the absence of extrinsic nerve input.

Our results in guinea pig are similar to in vivo results in the rat, where PN stimulation increased baseline distal colonic motility at least 2-fold and hypogastric nerve stimulation reduced baseline activity,[@b31-jnm-20-185] and transection of these nerves resulted in slowed transit in case of PN and accelerated transit after hypogastric nerve damage.[@b30-jnm-20-185] Our results also correspond to findings in dogs, where damage to PN branches slowed down colonic transit, inhibited defecation reflex,[@b9-jnm-20-185] and resulted in diminished electrical activity.[@b35-jnm-20-185] To our knowledge, this is the first demonstration in guinea pigs that actual changes are observed in colonic pellet propagation velocity in response to PN or IMG stimulation. Extrinsic nerve stimulation affected colonic motility dramatically.

It has been shown that PN stimulation enhances colonic peristalsis in response to balloon distension while sympathetic stimulation inhibits colonic peristalsis of the guinea pig distal colon in vitro.[@b36-jnm-20-185],[@b37-jnm-20-185] However, it remains unclear whether PN stimulation affects fecal pellet propulsion or luminal pressure changes. As shown in [Supplementary Video 2](#SD2){ref-type="supplementary-material"}, we have clearly demonstrated that PN stimulation accelerates pellet propulsion. We also showed that the stimulatory effect of PN stimulation involved muscarinic, nicotinic, and nitrergic pathways. In addition, we also demonstrated that the inhibitory effect of IMG stimulation on colonic peristalsis is mediated, at least in part, via alpha 2 adrenergic receptors.

While there is evidence from animal models[@b7-jnm-20-185],[@b38-jnm-20-185] and human patients[@b1-jnm-20-185],[@b39-jnm-20-185] that pelvic and sacral nerve input expedites colonic transit, there are few studies that discuss actual mechanisms of PN stimulation effects on colonic peristalsis. The effects are the following in animal models: internal anal sphincter response is reported as contractile primarily or biphasic consisting of initial relaxation followed by a contraction, whereas colonic response in vivo and in vitro in rabbits and cats produced increased smooth muscle tension[@b40-jnm-20-185] and in dogs produced reduced colonic contraction amplitude.[@b41-jnm-20-185]

The high propulsion velocity of a natural pellet might be influenced by the anatomical advantage. In our recent study, the distal colon displayed active and potent motor patterns that are involved in physiological emptying of the fecal contents.[@b22-jnm-20-185] The recording of pressure changes in response to fluid distension is not identical with normal physiological condition because it keeps the colonic segment evenly distended due to a closed circuit for a certain period (10 minutes). Although the distal colonic segment was continuously stimulated by the luminal distension, there was a resting period between successive PCs. Spontaneous PCs were produced every 90--100 seconds in the distal colon during the fluid distension. This suggests that underlying factors trigger peristaltic reflex.[@b22-jnm-20-185]

It is well established that the colonic peristaltic reflex is mediated by the release of 5-HT from enterochromaffin cells.[@b32-jnm-20-185] A 5-HT acts 5-HT~4~ and 5-HT~3~ receptors to activate intramural sensory neurons that release calcitonin gene-related peptide.[@b42-jnm-20-185] The presence of fecal pellets triggers the release of 5-HT, which acts via both 5-HT~3~ and 5-HT~4~ receptors to regulate propulsive activity of the guinea pig colon.[@b28-jnm-20-185] Others showed that hexamethonium abolished the peristaltic reflex, suggesting the involvement of nicotinic receptors in the initiation of peristaltic reflex of the guinea pig colon.[@b29-jnm-20-185]

In 1970, Crema et al[@b36-jnm-20-185] demonstrated that atropine partially inhibited peristaltic reflex in response to intraluminal balloon distension of the guinea pig distal colon. The authors explained that the inhibitory effect of atropine is due to preventing the descending relaxation, because the inhibitory neurons responsible for descending relaxation are regulated by muscarinic receptors.[@b36-jnm-20-185] However, currently it is well accepted that descending relaxations are regulated via nicotinic receptors, rather than muscarinic receptors.[@b32-jnm-20-185],[@b43-jnm-20-185],[@b44-jnm-20-185]

Mucosal and muscle stimulation initiates peristalsis via ascending contractions and descending relaxations. Ascending contractions are mainly mediated via ACh and substance P, while descending relaxations are mainly mediated via nitric oxide (NO), vasoactive intestinal polypeptide, and pituitary adenylate cyclase-activating peptide.[@b45-jnm-20-185]--[@b47-jnm-20-185] Especially, released ACh and NO from the myenteric plexus play a crucial role in mediating peristalsis.

We have recently shown that 5-HT~3~ and 5-HT~4~ receptors promote colonic peristalsis via different mechanisms in guinea pigs.[@b48-jnm-20-185] In the current study, we focused the possible role of muscarinic receptors, nicotinic receptors, and NO in mediating PN-stimulated augmentation of peristaltic reflex of the guinea pig colon.

We have recently shown that L-NAME itself decreased the incidence of PCs to 26% and increased the incidence of NPCs to 70% in response to luminal distension of the guinea pig distal colon in vitro.[@b22-jnm-20-185] Similarly, our currently study showed that in the presence of L-NAME the incidence of PCs was reduced while the incidence of NPCs was increased in the distal colon. When PN stimulation was applied, non-coordinated NPCs were reversed to PCs even in the presence of L-NAME. This suggests that PN may recover the disorganized colonic activity due to blockade of NO neurons in the myenteric plexus, resulting in normal peristalsis.

ACh receptors are heavily implicated in PN stimulation effect due to complete inhibition during nicotinic or muscarinic blockade. Because 48% of pelvic ganglia neurons are NOS positive and most of these positive neurons co-express choline acetyltransferase (ChAT) in guinea pig,[@b13-jnm-20-185] NOS blockade will predictably affect colonic motility significantly. It is likely that NOS co-expression on ChAT positive neurons serves to fine-tune the intensity of the excitatory stimulus, and inhibition of NOS signaling does not allow the organized, propagated peristalsis waves to develop due to overwhelming excitatory stimulus, which results in both coordinated and non-coordinated contractions.

In the past literature on peristalsis over a period of 40 years it has been clearly shown that in isolated guinea pig distal colon, nicotinic receptors are involved in augmentation of colonic peristalsis as hexamethonium abolished fecal pellet propulsion.[@b29-jnm-20-185],[@b36-jnm-20-185],[@b49-jnm-20-185] In contrast, others demonstrated that nicotinic receptors are not essential in mediating peristalsis of the guinea pig distal colon.[@b50-jnm-20-185],[@b51-jnm-20-185] They showed that hexamethonium temporarily arrested peristalsis and fecal pellet propulsion. However, if time was allowed for the pellet to remain in the oral end of the colon, the pellet gradually propelled anally, until finally being expelled. During the initiation of peristalsis, hexamethonium significantly reduced the peak tension applied to the fecal pellet.[@b50-jnm-20-185] The same group recently reported that propagation velocities are significantly reduced, but not abolished, in the presence of hexamethonium.[@b51-jnm-20-185] These suggest that nicotinic receptors are partially involved in the regulation of peristalsis of the guinea pig distal colon. It seems that the contribution of nicotinic receptors to colonic peristalsis might depend upon experimental procedures. Our study demonstrated that hexamethonium and atropine completely inhibited intraluminal pressure increase in response to luminal infusion. PN stimulation failed to cause any PCs or NPCs in the presence of hexamethonium and atropine. This suggests that both muscarinic and nicotinic receptors are involved in augmentation of colonic peristalsis in response to PN stimulation.

In the current study, IMG stimulation resulted in a failure to increase intraluminal pressure and failure of pellet to progress along colonic segment suggesting the inhibitory mechanism of IMG stimulation on colonic peristalsis. It has been previously reported that sympathetic extrinsic stimulation in guinea pig colon caused an inhibitory effect on the normal colonic contractility.[@b52-jnm-20-185] It was also shown that sympathetic stimulation reduced the amount of ACh released during transmural or PN stimulation.[@b52-jnm-20-185] Similarly, sympathetic nerve stimulation inhibits distal colorectal motility in several other animal models, including rabbits,[@b53-jnm-20-185] dogs[@b34-jnm-20-185] and rats.[@b30-jnm-20-185]

It has been shown that alpha-2 receptor blockade accelerates colon transit and distal colonic motility[@b54-jnm-20-185] and alpha-2 receptor agonists decrease colonic activity in rats.[@b55-jnm-20-185],[@b56-jnm-20-185] The inhibitory pre-junctional alpha-2 receptors have been shown in the guinea pig ileum,[@b57-jnm-20-185] dog small intestine[@b34-jnm-20-185] and guinea pig stomach.[@b58-jnm-20-185] The inhibitory effect of alpha-2 adrenoceptors on GI motility is through their inhibitory effect on pre-synaptic and post-ganglionic neurons, which are primarily cholinergic. Clinically, alpha-2 adrenergic agonist (clonidine) has been used in humans and shown to reduce colonic tone and improve symptoms in diarrhea-predominant IBS.[@b59-jnm-20-185] In our experiment, the inhibitory effect of IMG stimulation on colonic peristalsis is partially restored by alpha-2 receptor antagonist (yohimbine).

Conclusions
===========

In summary, we have demonstrated that in guinea pig distal colon extrinsic autonomic nerves determine the speed of pellet propagation in vitro, though active pellet transit will occur without any extrinsic nerve input at baseline. This response depends on the activation of cholinergic and nitrergic neurons. In addition, stimulation of IMG significantly slowed down pellet transit to a fraction of propagation speed mediated by intrinsic reflexes. The inhibition of IMG stimulation is mediated by alpha-2 adrenoceptors.

This model has proven to yield predictable and highly consistent results, is cost effective, and easy to manipulate. In addition, the complexity of guinea pig pelvic innervation is higher than that of the rat and its active intrinsic system allows clear comparison of autonomic nerve stimulation effect. This model is highly useful for the study of autonomic nerve related colonic dysmotility, as well as effects of sacral nerve stimulation.
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Note: To access the supplementary videos mentioned in this article, visit the online version of Journal of Neurogastroenterology and Motility at <http://www.jnmjournal.org/>, and at doi: <http://dx.doi.org/10.5056/jnm.2014.20.2.185>.

![Pellet propulsion time in response to pelvic nerves (PN) stimulation (1--20 Hz). Pellet propulsion time was significantly shortened in a frequency dependent manner. Submaximal effects were observed at 10 Hz (24.5 ± 2.3 seconds, n = 6), compared to control group (without nerve stimulation, 49.8 ± 1.8 seconds, n = 6) (^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01).](jnm-20-185f1){#f1-jnm-20-185}

![Pellet propagation velocity during autonomic nerve stimulation. Pellet propagation velocity was significantly increased during pelvic nerves (PN) stimulation to 24.6 ± 0.7 mm/sec (n = 20, ^\*\*^*P* \< 0.01) and decreased during inferior mesenteric ganglia (IMG) stimulation to 2.0 ± 0.2 mm/sec (n = 12, ^\*\*^*P* \< 0.01), compared to control group (without nerve stimulation, 13.0 ± 0.7 mm/sec, n = 20).](jnm-20-185f2){#f2-jnm-20-185}

![Intraluminal pressure recording before (A), during (B) and after (C) pelvic nerves (PN; upper panel) and inferior mesenteric ganglia (IMG; lower panel) stimulation. In response to luminal infusion of 0.3 mL (indicated by arrows), intraluminal pressure increase was observed in the distal colon. PN stimulation augmented the intraluminal pressure increase, while IMG stimulation abolished intraluminal pressure increase in response to luminal infusion (0.3 mL).](jnm-20-185f3){#f3-jnm-20-185}

![Effects of pelvic nerves (PN) and inferior mesenteric ganglia (IMG) stimulation on motility index (MI) (A), frequency (B), duration (C) and amplitude (D) of intraluminal pressure responses to luminal infusion (0.3 mL). PN stimulation significantly increased MI and frequency (n = 10, ^\*^*P* \< 0.05). In contrast, IMG stimulation significantly reduced MI and frequency (n = 10, ^\*\*^*P* \< 0.01).](jnm-20-185f4){#f4-jnm-20-185}

![Effects of pelvic nerves (PN) stimulation on intraluminal pressure responses to luminal infusion (0.3 mL, indicated by arrows) in the absence (A and C) and presence (B and D) of NG-nitro-L-arginine methyl ester (L-NAME). Effects of PN stimulation on motility index (MI) in the absence and presence of L-NAME (E) (n = 6). In the presence of L-NAME, the incidence of peristaltic contractions (PCs) was reduced while the incidence of non-peristaltic contractions (NPCs) was increased. When PN stimulation was applied, PCs were reversed to NPC even in the presence of L-NAME. L-NAME itself had no significant effects on MI.](jnm-20-185f5){#f5-jnm-20-185}

![Effects of pelvic nerves (PN) stimulation on intraluminal pressure responses to luminal infusion (0.3 mL, indicated by arrows) in the absence (A and C) and presence (B and D) of hexamethonium. Effects of PN stimulation on motility index in the absence and presence of hexamethonium (E) (n = 6, ^\*\*^*P* \< 0.01 compared to saline). Hexamethonium abolished intraluminal pressure increase in response to luminal infusion. PN stimulation failed to cause any peristaltic contractions (PCs) or non-peristaltic contractions (NPCs) in the presence of hexamethonium.](jnm-20-185f6){#f6-jnm-20-185}

![Colonic intraluminal pressure response to luminal infusion (0.3 mL, indicated by arrows) in the absence (A and B) and presence (C and D) of pelvic nerves (PN) stimulation, and in the absence (A and C) and presence (B and D) of atropine. Effects of PN stimulation on motility index in the absence and presence of atropine (E) (n = 6, ^\*\*^*P* \< 0.01 compared to saline). Atropine abolished intraluminal pressure increase in response to luminal infusion in control colons in the absence of PN stimulation. PN stimulation failed to cause any peristaltic contractions (PCs) or non-peristaltic contractions (NPCs) in the presence of atropine.](jnm-20-185f7){#f7-jnm-20-185}

![Colonic intraluminal pressure response to luminal infusion (0.3 mL, indicated by arrows) in the absence (A and B) and presence (C and D) of inferior mesenteric ganglia (IMG) stimulation, and in the absence (A and C) and presence (B and D) of yohimbine. Effects of IMG stimulation on motility index in the absence and presence of yohimbine (E) (n = 6, ^\*\*^*P* \< 0.01 compared to saline). Control colons (A) demonstrate no significant increase in motility index or change in type of contractile activity in response to yohimbine (B). Addition of yohimbine caused return of contractile activity in the presence of IMG stimulation.](jnm-20-185f8){#f8-jnm-20-185}

###### 

The Incidence of Peristaltic Contractions and Non-peristaltic Contractions in the Presence or Absence of L-NAME in Response to Pelvic Nerve stimulation

                            The incidence of PCs (%)                                 The incidence of NPCs (%)
  ------------------------- -------------------------------------------------------- --------------------------------------------------------
  Control                   81.6 ± 6.1                                               13.6 ± 2.1
  Control + L-NAME          16.8 ± 5.9                                               78.5 ± 6.7
  PN stimulation            90.8 ± 2.6                                               8.8 ± 2.3
  PN stimulation + L-NAME   48.6 ± 6.0[^a^](#tfn1-jnm-20-185){ref-type="table-fn"}   44.1 ± 3.6[^a^](#tfn1-jnm-20-185){ref-type="table-fn"}

*P* \< 0.01 vs. control + L-NAME (n = 6).

PCs, peristaltic contractions; NPCs, non-peristaltic contractions; L-NAME, NG-nitro-L-arginine methyl ester; PN, pelvic nerves.

Data are presented as means ± SE.
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